Epithelial ovarian cancers (EOCs) often exhibit morphologic features of embryonic Müllerian duct-derived tissue lineages and colonize peritoneal surfaces that overlie connective and adipose tissues. However, the mechanisms that enable EOC cells to readily adapt to the peritoneal environment are poorly understood. In this study, we show that expression of HOXA9, a Müllerian-patterning gene, is strongly associated with poor outcomes in patients with EOC and in mouse xenograft models of EOC. Whereas HOXA9 promoted EOC growth in vivo, HOXA9 did not stimulate autonomous tumor cell growth in vitro. On the other hand, expression of HOXA9 in EOC cells induced normal peritoneal fibroblasts to express markers of cancer-associated fibroblasts (CAFs) and to stimulate growth of EOC and endothelial cells. Similarly, expression of HOXA9 in EOC cells induced normal adipose-and bone marrow-derived mesenchymal stem cells (MSCs) to acquire features of CAFs. These effects of HOXA9 were due in substantial part to its transcriptional activation of the gene encoding TGF-β2 that acted in a paracrine manner on peritoneal fibroblasts and MSCs to induce CXCL12, IL-6, and VEGF-A expression. These results indicate that HOXA9 expression in EOC cells promotes a microenvironment that is permissive for tumor growth.
Introduction
Approximately 70% of patients with epithelial ovarian cancer (EOC) present with disease that involves the peritoneal cavity (1) . Unlike many other types of cancers, EOC rarely spreads via hematogenous routes. EOC cells typically shed into the peritoneal fluid and implant on the mesothelial linings of the omentum and other peritoneal surfaces that overlie connective and white adipose tissues (1, 2) . Because of their propensity for peritoneal involvement, EOC cells are likely to be programmed to dynamically adapt to the peritoneal environment, but the underlying mechanisms are unknown.
A striking feature of EOCs is their morphologic resemblance to tissue lineages that derive from the Müllerian ducts. Serous EOC, the most common EOC subtype, histologically resembles fallopian tube cancers. Endometrioid EOCs often exhibit endometrial-like glandular structures, whereas mucinous EOCs are composed of endocervical-like or intestinal-like cells (3) . Homeobox genes constitute a gene superfamily that controls cell differentiation and specification of the body plan during embryonic development (4) (5) (6) (7) . Homeobox genes encode transcription factors, but only few bona fide transcriptional targets have been identified (4) (5) (6) (7) . Of the homeobox gene families, the mammalian HOX family is the largest and comprises 39 genes that are organized in 4 clusters and are aligned in 13 paralogous groups (4) . Patterning of the Müllerian system is coordinated by members of the HOXA gene cluster (8) (9) (10) . We previously identified a broad trend in expression of this Mülle-rian HOX gene program in the major subtypes of EOC, according to the patterns of Müllerian-like differentiation of these tumors. Whereas HOXA11 was preferentially expressed in mucinous EOCs, HOXA10 was expressed in endometrioid and mucinous EOCs and HOXA9 was expressed in both serous and nonserous EOCs (11) . Furthermore, we demonstrated that this HOX gene program was responsible for the Müllerian-like differentiation patterns of the EOC subtypes (11) . However, the functional significance of Mülle-rian HOX genes to the clinical behavior of EOC is not known.
The expansion and functional features of epithelial and stromal cell populations are dynamically regulated by cross-talk between these cells during normal tissue morphogenesis. Tumor growth is increasingly recognized to be similarly orchestrated by interplay between tumor cells and the stroma (12, 13) . Cancer-associated fibroblasts (CAFs) are a predominant component of the tumor stroma and have a profoundly negative impact on clinical outcomes (12, 13) . Whereas the ability of CAFs to stimulate growth of tumor cells has been extensively studied (14) (15) (16) (17) (18) , it is not clear whether CAFs are reciprocally controlled by developmental programs that are activated in tumor cells. We speculated that the dominance of Müllerian phenotypes in EOCs reflects an evolutionary strategy by these cancers to adapt to their microenvironment and that developmental pathways that are activated in EOC cells modulate interactions of EOC cells with the stroma. In this study, we investigated the significance of Müllerian HOX genes to EOC growth, the tumor stroma, and clinical outcomes. We found that expression of HOXA9, but not HOXA10 or HOXA11, was associated with poor survival in patients with EOC and in mouse xenograft models of EOC. HOXA9 promoted EOC growth by inducing normal peritoneal fibroblasts and adipose-and bone marrow-derived mesenchymal stem cells (MSCs) to acquire molecular and functional features of CAFs in substantial part via its induction of tumor-derived TGF-β2. Our findings support a model in which HOXA9 expression in EOC cells "educates" the stroma to become permissive for tumor growth and demonstrate for the first time to our knowledge the significance of a Mülleri-an-patterning gene in the aggressive behavior of EOC.
Results

HOXA9 is associated with poor survival of patients with EOC.
We initially evaluated the clinical significance of Müllerian HOX genes in the Australian Ovarian Cancer Study (AOCS) gene expression data set (19) . HOXA9 transcript levels did not significantly differ among serous carcinomas of ovarian, tubal, and peritoneal origin or between serous and nonserous EOCs (Supplemental Table 1 ; supplemental material available online with this article; doi:10.1172/ JCI62229DS1). These observations were consistent with our findings of HOXA9 protein levels in an independent cohort (11) . High HOXA9 expression in tumors was significantly associated with poor overall survival of patients in the AOCS cohort (P = 0.0004 by log-rank test, hazard ratio (HR) of death = 2.90, 95% confidence interval (CI) = 1.61 to 5.19; Figure 1 ). Mortality rates of cases with high HOXA9 expression (referred to herein as HOXA9-High cases) were higher than those of cases with low HOXA9 expression (referred to herein as HOXA9-Low cases), irrespective of tumor grade and disease stage (Table 1) . High HOXA9 expression was also significantly associated with poor survival in the Cancer Genome Atlas (TCGA) EOC data set (P = 0.01, HR of death = 1.56, 95% CI = 1.11 to 2.18; Supplemental Figure 1 ). No association with survival was found for HOXA10, HOXA11, other neighboring HOXA genes, or paralogs of HOXA9 (Figure 1) .
HOXA9 is associated with poor survival in EOC xenograft models. We previously generated mouse EOC (MOSEC) lines that stably express Hoxa9, Hoxa10, and Hoxa11 (11) . Female nude mice that were inoculated i.p. with MOSEC cells that overexpressed Hoxa9 (referred to herein as +HOXA9 MOSEC cells) developed larger implants (Supplemental Figure 2 , A and B) and had significantly shorter survival times than mice inoculated with vector-control MOSEC cells (P = 0.003, Figure 2A ). In contrast, tumor burden and survival rates of mice that were inoculated i.p. with +HOXA10 or +HOXA11 MOSEC cells were not significantly different from those of the vector-control group (Supplemental Figure 2 , A and B, and Figure 2 , B and C). These observations were consistent with the association of HOXA9, but not HOXA10 or HOXA11, with poor survival of patients with EOC ( Figure 1 ). The increased growth of +HOXA9 tumors, as compared with that of +HOXA10 and +HOXA11 tumors, was not due to differences in ectopic HOX levels between the MOSEC lines (Supplemental Figure 3A) or to nonphysiological levels, as the HOXA9 level in +HOXA9 MOSEC cells was within the range of HOXA9 levels detected in human EOC clinical specimens (Supplemental Figure 3 , B-D).
HOXA9 promotes EOC growth in vivo but not in vitro. To confirm that HOXA9 promotes EOC growth, we evaluated the effect of inhibiting HOXA9 expression in human EOC lines. Endogenous HOXA9 levels in the SKOV3ip (serous EOC) and ES-2 (nonserous EOC) cell lines were similar to HOXA9 levels in several EOC clinical specimens (Supplemental Figure 3 , B-D). Two shRNAs that targeted different sites of HOXA9 (shA9-A, shA9-B) were equally effective in knocking down HOXA9 in SKOV3ip and ES-2 cells ( Figure 2D ). Knockdown of HOXA9 markedly inhibited the volumes of s.c. and i.p. tumors derived from SKOV3ip and ES-2 lines (Figure 2 , E-H) and significantly reduced mitotic activity in tumor xenografts (P < 0.001, Supplemental Figure 4A ). However, in vitro
Figure 1
High HOXA9 expression is associated with reduced survival of patients with EOC. Kaplan-Meier plot analysis of overall survival times of patients in the AOCS data set stratified by transcript levels of each indicated HOX gene in tumors. For each HOX gene, transcript levels were defined as High (≥ upper quartile) and Low (≤ lower quartile) (n = 72 cases per group). Significance values were determined by log-rank test. (19) . The C1 subtype was associated with the poorest outcomes and was characterized by a desmoplastic or "reactive" stromal gene signature (19) . Tumors that were classified as being of the C1 subtype constituted 39% of cases in the HOXA9-High group, but only 4% of cases in the HOXA9-Low group in the AOCS cohort (Table 2) . Conversely, the frequency of the C4 subtype (characterized by a low stromal response signature) was higher in the HOXA9-Low group than in the HOXA9-High group (Table 2) . CAFs are often characterized by their expression of α-smooth muscle actin (αSMA) and fibroblast activation protein (FAP) (13) . Expression of ACTA2 (the gene encoding αSMA) and FAP was significantly higher in HOXA9-High tumors than in HOXA9-Low tumors in the AOCS cohort (ACTA2, P = 0.026; FAP, P = 10 -7 , Figure 3A) . αSMA + cells were abundant in tumors derived from +HOXA9 control SKOV3ip and ES-2 lines but were sparse in respective HOXA9-knockdown tumors (P < 0.0001, Figure  3 , B and C). As compared with those in vector-control MOSEC tumors, αSMA + cells were more abundant in +HOXA9 but not in +HOXA10 or +HOXA11 MOSEC tumors (Supplemental Figure  5C ). These results suggest that the association between HOXA9 and poor survival could be linked to the ability of HOXA9 to promote a CAF-rich microenvironment.
HOXA9 does not induce CAF-like features in EOC cells. Some CAFs can derive from tumor cells that have undergone epithelial-to-mesenchymal transition (EMT) (20) . However, expression of genes encoding transcription factors that orchestrate EMT, such as SNAI1 and SNAI2, was not altered by HOXA9 in EOC cells in vitro or in vivo (Supplemental Figure 6, A Figure 7A ). ACTA2 mRNA and αSMA protein levels were strongly induced in fibroblasts following incubation (i.e., "priming") in medium conditioned by +HOXA9 control SKOV3ip cells but not following incubation in medium conditioned by HOXA9-knockdown SKOV3ip cells ( Figure 4 , A and B, and Supplemental Figure 7B) . A similar difference in FAP induction was also observed (Supplemental Figure 7B ). CAFs are a source of various mitogenic factors for tumor cells (15, 17) . Expression of CXCL12 and IL-6 was strongly induced in omental fibroblasts following priming in medium conditioned by control SKOV3ip cells but not following priming in medium conditioned by HOXA9-knockdown SKOV3ip cells ( Figure 4C and Supplemental Figure 7B ). Tumor cell proliferation was more highly stimulated by fibroblastderived factors where fibroblasts had been primed in medium conditioned by control than by HOXA9-knockdown SKOV3ip cells (P < 0.001, Figure 4D ). The ability of medium conditioned by +HOXA9 tumor-primed fibroblasts to stimulate tumor cell proliferation was inhibited when fibroblast-conditioned medium was depleted of CXCL12 and IL-6 ( Figure 4E ). These findings indicate that HOXA9 induces tumor-derived factors that stimulate normal fibroblasts to acquire CAF features and to express CXCL12 and IL-6 that act in a paracrine manner to promote tumor cell proliferation.
To confirm these findings, we evaluated omental fibroblasts that were primed in medium conditioned by MOSEC cells. αSMA, FAP, CXCL12, and IL-6 expression was more strongly induced in fibroblasts following priming in medium conditioned by +HOXA9 MOSEC cells than that following priming in medium conditioned by parental or vector-control MOSEC cells. However, increased induction was not observed when fibroblasts were primed in media conditioned by +HOXA10 or +HOXA11 MOSEC cells (Supplemental Figures 7, C-E). Tumor cell proliferation was more strongly stimulated by fibroblast-derived factors where fibroblasts had been primed in medium conditioned by +HOXA9 than by control MOSEC cells (P < 0.001), whereas priming of fibroblasts in media conditioned by +HOXA10 or +HOXA11 MOSEC cells had little stimulatory effect (Supplemental Figure 7F ). These findings indicate that HOXA9 expression in EOC cells specifically induces normal fibroblasts to acquire CAF features and that this capability is not shared by HOXA10 or HOXA11.
HOXA9 expression in EOC cells promotes the ability of fibroblasts to stimulate endothelial cell growth. Because CAF abundance in EOC correlates with increased microvessel density (21), we investigated the effect of HOXA9 expression in EOC cells on endothelial cell growth. HOXA9-knockdown SKOV3ip tumors had lower microvessel density than +HOXA9 control SKOV3ip tumors (P < 0.005, Figure 5A ). However, expression of genes encoding the angiogenic factors IL-6 and VEGF-A in SKOV3ip cells was not altered by HOXA9 in vitro or in vivo ( Figure  5B ). Endothelial cells grew at identical rates when cultured in medium conditioned by HOXA9-knockdown or by control SKOV3ip cells ( Figure 5C ). On the other hand, endothelial cell growth was more strongly stimulated by omental fibroblast-derived factors where fibroblasts were primed in medium conditioned by control SKOV3ip cells than by HOXA9-knockdown SKOV3ip cells (P < 0.005, Figure 5D ). As observed for A Data from AOCS data set (19) . The C1 molecular subtype is characterized by a reactive stromal signature, C4 molecular subtype is characterized by a low stromal response signature.
IL-6, VEGF-A expression was strongly induced in fibroblasts following priming in medium conditioned by control but not by HOXA9-knockdown SKOV3ip cells ( Figure 4C and Supplemental Figure 7B ). The ability of medium conditioned by fibroblasts that were primed by HOXA9-knockdown SKOV3ip cells to stimulate endothelial cell growth was restored when this conditioned medium was reconstituted with IL-6 and VEG-F-A at concentrations released by fibroblasts that were primed by +HOXA9 control SKOV3ip cells (Supplemental Figure 8A) . Expression of Il6 and Vegfa in mouse host cells was significantly higher in omental tumors of control SKOV3ip models than in tumors of HOXA9-knockdown models (Il6, P = 0.03; Vegfa, P = 0.007; Figure 5B ). We confirmed our findings in studies using MOSEC lines. As compared with that in vector-control tumors, microvessel density was significantly higher in +HOXA9 tumors (P < 0.005) but not in +HOXA10 or +HOXA11 tumors (Supplemental Figure 8B) . Expression of HOXA9, but not HOXA10 or HOXA11, in MOSEC cells induced omental fibroblasts to express IL-6 and VEGF-A and to stimulate endothelial cell growth (Supplemental Figure 7 , C and E, and Supplemental Figure 8C ). These findings indicate that HOXA9 expression in EOC cells promotes tumor microvessel density by inducing normal omental cells to express IL-6 and VEGF-A and that this capability is not shared by other Müllerian HOX genes.
HOXA9 expression in EOC cells also induces CAF features in MSCs.
MSCs are another potential source of CAFs in many types of tumors, including EOC (14, 16, 17, 22) . Bone marrow is the most well-characterized source of MSCs, but MSCs reside in most tissues and are abundant in white adipose tissues (23, 24) . As was observed in omental fibroblasts, ACTA2, FAP, IL6, CXCL12 and VEGFA mRNA levels were strongly induced in normal bone marrow-and adipose-derived MSCs following incubation in medium condi- tioned by +HOXA9 control SKOV3ip cells but not in medium conditioned by HOXA9-knockdown SKOV3ip cells ( Figure 6 ). HOXA9 expression in EOC cells did not affect MSC proliferation (data not shown). These results indicate that HOXA9 induces tumor-derived factors that not only stimulate omental fibroblasts but also MSCs from various sources to acquire CAF features. HOXA9 correlates with TGF-β2 expression. To investigate the mechanism of HOXA9, we initially evaluated the effect of HOXA9 on expression of growth factors in SKOV3ip cells. HOXA9 did not alter expression of genes encoding several fibroblast-stimulatory factors, such as TGF-β1, which is known to induce transition of normal fibroblasts and MSCs into CAFs (refs. 17, 18, Figure 7 , A and B, Supplemental Figure 9, A and B) . However, knockdown of HOXA9 significantly downregulated levels of TGFB2 RNA and secreted, activated TGF-β2 protein (P < 0.001, Figure 7, A and B) . Conversely, enforced expression of HOXA9, but not HOXA10 or HOXA11, induced TGF-β2 expression in MOSEC cells (Supplemental Figure 9 , B and C). HOXA9, HOXA10, and HOXA11 are normally coexpressed in the posterior uterine segment (10, 11) . To additionally evaluate whether TGF-β2 expression is selectively controlled by HOXA9, we analyzed TGF-β2 expression in the posterior uterine segment of Hox knockout mice. As compared with that of wild-type littermates, glandular and stromal staining of TGF-β2 was markedly weaker in uterine tissues of Hoxa9 -/-mice but not of Hoxa10 -/-or Hoxa11 -/-mice (Supplemental Figure 9D) . Levels of HOXA9 transcripts significantly correlated with TGFB2 transcript levels in EOC tissue specimens (r = 0.65, P = 0.00004), but no significant correlation was observed for TGFB1 (r = 0.11, P = 0.54) (Figure 7C ). High HOXA9 protein levels were also associated with high TGF-β2 protein levels in clinical specimens of omental implants (Supplemental Figure 9 , E and F). These findings raise the possibility that HOXA9 controls TGFB2 expression at the transcriptional level.
TGFB2 is a direct transcriptional target of HOXA9. Five putative HOX-A9-binding sites were identified in the mouse Tgfb2 promoter (Figure 7D) . Binding of ectopic HOXA9 in MOSEC cells was detected to 2 of these sites (S4 and S5) in chromatin IP assays ( Figure 7E ). Binding of endogenous HOXA9 to the conserved S4 and S5 sites in the human TGFB2 promoter was detected in +HOXA9 control SKOV3ip cells, but no binding was detected in HOXA9-knockdown SKOV3ip cells (Figure 7 , F and G). Luciferase reporter assays using deletion constructs of the Tgfb2 promoter indicated that the S4 site, but not the S5 site, was essential for HOXA9-induced promoter activity ( Figure 7H ). Activation by HOXA9 through the S4 binding site was confirmed in reporter assays by using a Tgfb2 promoter construct in which the S4 site was mutated ( Figure 7H ). These results indicate that TGFB2 is a direct transcriptional target of HOXA9.
HOXA9 expression in EOC cells also increases stromal TGF-β expression. TGF-β1 not only induces transition of normal fibroblasts and
MSCs into CAFs but is also highly expressed by CAFs (18) . We investigated whether HOXA9 could stimulate stromal TGF-β expression through its induction of tumor-derived TGF-β2. Omental fibroblasts that were primed in medium conditioned by +HOXA9 control but not by HOXA9-knockdown SKOV3ip cells had significantly elevated expression of TGF-β1 and TGF-β2 (P < 0.005, Figure 8A and Supplemental Figure 10A) . Similarly, TGF-β1 and TGF-β2 were more strongly induced in fibroblasts when primed in medium conditioned by +HOXA9 MOSEC cells than when primed in medium conditioned by vector-control, +HOXA10, or +HOXA11 MOSEC cells (Supplemental Figure 10 , B and C). TGFB1 and TGFB2 mRNA levels were also induced in adipose MSCs by +HOXA9 tumor-conditioned medium, whereas TGFB1 but not TGFB2 mRNA was induced in bone marrow MSCs (Supplemental Figure 10A ). Tgfb1 and Tgfb2 mRNA levels in mouse host cells were lower in omental tumors of HOXA9-knockdown models than in those of +HOXA9 control models ( Figure 8B ). TGFB1 and TGFB2 expression was induced in human omental fibroblasts following stimulation with recombinant TGF-β1 and TGF-β2 at concentrations released by +HOXA9 tumor cells and by fibroblasts primed by +HOXA9 tumor cells ( Figure 8C ). TGFB1 and TGFB2 expression in fibroblasts was inhibited when +HOXA9 tumor-conditioned medium was depleted of TGF-β2 ( Figure 8D ). These findings suggest that HOXA9 expression in EOC cells can induce autostimulatory production of TGF-β ligands in the stroma. To determine whether the ability of HOXA9 to activate fibroblasts and thereby promote proliferation of tumor and endothelial cells is mediated by its induction of tumor-derived TGF-β2, we evaluated the effects of specifically inhibiting TGF-β2 in +HOXA9 tumor cells. Stable expression of TGFB2 shRNA in SKOV3ip cells decreased the TGF-β2 level to the same low level seen in HOXA9-knockdown SKOV3ip cells ( Figure 9A ). In addition, TGFB2 cDNA was stably expressed in HOXA9-knockdown SKOV3ip cells to test whether reconstituting TGF-β2 in tumor cells restores the effects of HOXA9 ( Figure 9A ). Neither knockdown nor overexpression of TGF-β2 affected growth rates of SKOV3ip cells cultured in nonconditioned medium (Supplemental Figure 11C) . However, fibroblasts that were primed by TGF-β2-knockdown SKOV3ip cells had
Effects of HOXA9 on fibroblasts are mediated by its induction of TGF-β2 expression in EOC cells.
We investigated whether TGF-β2 recapitulates the stimulatory effects of HOXA9 on fibroblasts and whether the effects of HOXA9 could be reversed by inhibiting tumor-derived TGF-β2. Expression of ACTA2, FAP, IL6, CXCL12, and VEGFA was induced in omental fibroblasts following stimulation with recombinant TGF-β2 at concentrations released by +HOXA9 tumor cells ( Figure 8C and Supplemental Figure 11A ). Conversely, depletion of TGF-β2 from +HOXA9 tumor-conditioned medium inhibited expression of CAF markers and growth factors in fibroblasts ( Figure 8D and Supplemental Figure 11B ). Identical results were obtained in MSCs (data not shown). TGF-β2 did not alter proliferation of fibroblasts and MSCs (data not shown). were inoculated with HOXA9-knockdown SKOV3ip cells stably expressing TGF-β2 developed substantially larger tumors ( Figure  9B ). Reconstitution of TGF-β2 in HOXA9-knockdown tumor cells markedly increased mitotic activity, abundance of αSMA + cells, and microvessel density in tumors to the levels seen in +HOXA9 control tumors ( Figure 9C ). As compared with that of mice with HOXA9-knockdown tumors, mice with HOXA9-knockdown tumors stably expressing TGF-β2 had significantly shorter survival times (P = 0.003, Figure 9D ). The poor survival rate of these mice was almost identical to that of the +HOXA9 control group ( Figure 9D) . Conversely, tumor growth was reduced in mice that were inoculated with TGF-β2-knockdown SKOV3ip cells as compared with that in mice with control tumors ( Figure 9B ). Mitotic activity, αSMA + cells, and microvessel density were markedly reduced in TGF-β2-knockdown tumors, similar to that observed in HOXA9-knockdown tumors ( Figure 9C ). As compared with that of mice with control tumors, mice with TGF-β2-knockdown tumors had a weaker stimulatory effect on proliferation of tumor cells and of endothelial cells than fibroblasts primed by control SKOV3ip cells (Supplemental Figure 11, D and E) . This weaker stimulatory effect was identical to that of fibroblasts primed by HOXA9-knockdown SKOV3ip cells (Supplemental Figure 11, D and E) . Conversely, reconstitution of TGF-β2 in HOXA9-knockdown SKOV3ip cells increased the ability of fibroblasts to stimulate growth of tumor and endothelial cells (Supplemental Figure 11, D and E) . These findings indicate that HOXA9 expression in EOC cells promotes the ability of fibroblasts to stimulate growth of tumor and endothelial cells through its induction of tumor-derived TGF-β2.
Stimulation by HOXA9 of EOC growth in vivo is mediated by its induction of tumor-derived TGF-β2.
To validate our in vitro findings, we first evaluated whether reconstituting TGF-β2 in HOXA9-knockdown EOC cells restores the tumor growth-promoting phenotype of HOXA9 in i.p. xenograft models. As compared with that in mice inoculated with HOXA9-knockdown SKOV3ip cells, mice that ports evidence that tumor-derived factors play important roles in governing the composition of the tumor stroma (13) . Our studies demonstrated that inhibiting TGF-β2 in EOC cells that express HOXA9 substantially blocks the stimulatory effects of HOXA9 on CAFs and tumor growth. Conversely, reconstituting TGF-β2 in EOC cells in which HOXA9 is inhibited restored the CAF-activating, tumor growth-promoting phenotype of HOXA9. These findings indicate that the tumor growth-promoting effect of HOXA9 is mediated, in substantial part, by stimulating CAFs via its induction of tumor-derived TGF-β2 (Figure 10 ). However, since progression of EOC is driven by multiple autocrine and paracrine mechanisms (1, 2), we cannot exclude the possibility that HOXA9 also promotes progression of this disease by stimulating other signaling pathways in tumor or host cells.
A significant consequence of the induction by HOXA9 of tumor-derived TGF-β2 is the reinforcement of tumor-stroma crosstalk via increased stromal production of CXCL12, IL-6, and VEG-F-A that act in a paracrine manner to stimulate proliferation of tumor and endothelial cells (Figure 10 ). Elevated stromal CXCL12 levels might also increase angiogenesis and CAF abundance in +HOXA9 tumors, as CXCL12 stimulates recruitment of endothelial progenitor cells and MSCs to tumors (15, 17) . We have found that TGF-β2 also stimulates chemotaxis of MSCs toward tumor cells (S.Y. Ko and H. Naora, unpublished observations). Increased tumor-derived TGF-β2 levels could additionally sustain CAFs by stimulating autoinduction of TGF-β ligands in the stroma. The significance of TGF-β autoinduction in wound healing has long been recognized (25) . Acquisition of a TGF-β autocrine signaling loop in resident mammary fibroblasts has been reported to drive transition of these cells into CAFs (18) , but a mechanism for initiation of this loop was not identified. Our findings support the existence of a self-sustaining TGF-β autoregulatory loop in CAFs and indicate that this loop is triggered in EOC, at least in part, by tumor-derived TGF-β2. TGF-β1, TGF-β2, and TGF-β3 bind the TGF-β type II receptor (TβRII), but these ligands have many non-compensatory functions (26) . To our knowledge, our study is the first to demonstrate the significance of TGF-β2 in promoting CAFs. Our finding that TGFB2 but not TGFB1 is a HOXA9 target gene supports evidence that these ligands are differentially regulated by developmental cues (27) . Although TGFB3 transcripts have been detected in EOCs, secreted TGF-β3 protein has not been detected significantly longer survival times (P = 0.003, Figure 9D ). The higher survival rate of mice with TGF-β2-knockdown tumors and the reduced size of omental tumors in these mice were very similar to observations in the HOXA9-knockdown group ( Figure 9 , B and D). When patients with EOC were stratified according to expression of TGFB2 in tumors, high TGFB2 expression was significantly associated with poor overall survival (P = 0.005, HR of death = 2.03, 95% CI = 1.24 to 3.34; Figure 9E ). This association of high TGFB2 expression with poor survival in the AOCS data set was consistent with the association of high HOXA9 expression with poor survival in the same patient cohort ( Figure 1 ) and with observations in SKOV3ip xenograft models.
To confirm our findings, we evaluated the effect of inhibiting TGF-β2 in +HOXA9 MOSEC cells in vivo (Supplemental Figure 12A) . As compared with those of mice inoculated with +HOXA9 MOSEC cells, mice that were inoculated with +HOXA9 MOSEC cells in which TGF-β2 was knocked down developed smaller i.p. tumors (Supplemental Figures 12, B and C) and had significantly longer survival times (P = 0.0002, Supplemental Figure 12D ). Knockdown of TGF-β2 in +HOXA9 MOSEC cells substantially reduced mitotic activity, abundance of αSMA + cells, and microvessel density in tumors (Supplemental Figure 12E ). Together, our findings support a model in which HOXA9 promotes tumor growth by inducing tumor-derived TGF-β2 that acts in a paracrine manner to stimulate the ability of fibroblasts to support tumor growth ( Figure 10 ).
Discussion
As is the case in normal organogenesis, it is increasingly recognized that tumor growth is orchestrated by dynamic interactions between epithelial and stromal cells (12, 13) . Whereas the tumor growth-promoting ability of CAFs has been extensively studied, it is not clear whether CAFs are reciprocally controlled by developmental pathways that are activated in tumor cells. EOC is an ideal disease site to investigate this question, because its histogenesis remarkably recapitulates patterning of the Müllerian system. Here, we show that expression of HOXA9, a Müllerian-patterning gene, in EOC cells is strongly associated with poor outcomes in patients with EOC and in xenograft models and induces normal resident fibroblasts and MSCs to acquire molecular and functional features of CAFs that promote EOC growth. Our finding that HOXA9 promotes CAFs by inducing expression of TGF-β2 in EOC cells sup-
Figure 10
Bidirectional signaling between EOC cells and CAFs. Control of growth factor expression and interactions among EOC cells, CAFs, and endothelial cells by HOXA9-induced, tumor-derived TGF-β2.
lation has been reported in EOCs (42, 43) but has been detected at significantly lower frequency in late-stage than in early-stage EOC (43) . This is consistent with our findings that HOXA9 promotes progression of EOC. Although some HOX genes have overlapping functions (4), our study demonstrates that the ability of HOXA9 expression in EOC cells to induce normal fibroblasts and MSCs to acquire CAF features is not shared by HOXA10 or HOXA11. Interestingly, HOXA10 has both tumor-promoting and tumor-suppressive properties. HOXA10 induces expression of β3-integrin, which increases ovarian epithelial cell proliferation by promoting direct contact with fibroblasts (44, 45) , but HOXA10 and β3-integrin also inhibit invasiveness (46, 47) . Consistent with these prior reports, we observed a modest increase in mitotic activity in +HOXA10 MOSEC xenografts, as compared with that in vector-controls, but found no significant association of HOXA10 with poor survival in xenograft models or in patients with EOC.
The precise mechanisms of HOXA9 in controlling Müllerian patterning are unknown. Whereas HOXA10 and HOXA11 are upregulated in the endometrium during luteal phase, HOXA9 is downregulated (48) (49) (50) , implicating a function of HOXA9 in proliferative control in the Müllerian system. There is evidence that TGF-β2 is required for development of the female reproductive tract (26), but it is not known whether HOXA9 controls Müllerian patterning by regulating TGF-β2. Our analysis of Hox knockout mice suggest that TGF-β2 is selectively induced by HOXA9, but not by HOXA10 or HOXA11, in normal Müllerian tissue as well as in EOC cells. HOXA9 has been identified to be the single most highly correlated gene for poor prognosis in acute myeloid leukemia (AML) (51) . Overexpression of Hoxa9 in primary bone marrow cells enhances hematopoietic stem cell regeneration, expands the myeloid progenitor pool, and collaborates with Meis1a to induce AML in mice (52, 53) . Very few target genes have been identified that explain the leukemogenic potential of HOXA9. Interestingly, TGF-β2, like HOXA9, is preferentially expressed in primitive hematopoietic cells and stimulates the repopulating capacity of hematopoietic stem cells (54) . It is possible that HOXA9, via its induction of TGF-β2, might similarly control expansion of progenitor cells in the Müllerian system. However, HOX genes function in a context-dependent manner (4) , and the function of a HOX gene cannot be directly inferred from studies in different cell types. Indeed, HOXA9 has been reported to be downregulated in breast and lung cancer cells and to have tumor-suppressive properties in these tumor cell types (55, 56) .
In summary, our findings support a model in which HOXA9 expression in EOC cells educates the stroma to become permissive for tumor growth. Whereas targeting HOXA9 is therapeutically challenging, inhibiting its effector TGF-β2 could be a promising therapeutic strategy. This is significant for advanced-stage EOC, which is rarely cured by conventional chemotherapies. Moreover, because distinct sets of homeobox genes control expansion and specification of different cell lineages, further studies of these patterning regulators could provide new insights into the control of tumor-stroma interactions in other disease sites.
Methods
Reagents. Abs, growth factors, and plasmids are described in Supplemental Methods.
Human tissue specimens and cells. Archived human EOC tissue specimens, that were not necessary for diagnosis and were delinked from patient identifiers, were obtained from gynecologic tumor banks at The University of Texas MD Anderson Cancer Center and University of Chicago. All (28, 29) . We did not detect secreted TGF-β3 protein in our models or in 17 other EOC lines that we tested. Two independent studies have found higher incidence of TGF-β2 than TGF-β1 expression in EOC (28, 29) . Anti-TGF-β2 therapies have been developed to circumvent immunosuppression in patients with cancer (30) . Our findings raise the intriguing possibility that anti-TGF-β2 therapies or small molecule TGF-β receptor inhibitors could be used to inhibit CAFs in EOC.
Whereas recent evidence indicates that CAFs derive from normal tissue-resident fibroblasts and MSCs (14) (15) (16) (17) (18) , tumor cells that have undergone EMT are thought to account for only a small fraction of CAFs (13) . Because TGF-β signaling induces EMT in many cell types (31) , CAFs in +HOXA9 tumors might also derive from tumor cells. This possibility cannot be completely eliminated but is negligible, as we found virtually no overlap between +HOXA9 tumor cells and cells that expressed αSMA in situ. Furthermore, HOXA9 did not alter expression of genes encoding transcription factors that are induced by TGF-β and orchestrate EMT. Whereas TGF-β1 and TGF-β3 bind to TβRII with high affinity, TGF-β2 requires the accessory molecule betaglycan to facilitate receptor binding (32) . Loss of betaglycan expression has been reported in 73% of high-grade EOCs (33) . It is thus unlikely that CAFs in +HOXA9 tumors derive substantially from tumor cells that undergo EMT in response to induction of TGF-β2 by HOXA9.
It is thought that CAFs derive from bone marrow MSCs at advanced stages of disease, whereas tissue-resident MSCs (and fibroblasts) are the predominant source of CAFs at early stages of tumor development (34) . Whereas the number of bone marrow MSCs declines with age (35) , visceral white adipose tissue increases with age. Because EOC occurs more frequently in postmenopausal women, adipose MSCs might significantly contribute to the EOC stroma. Adipose MSCs display multipotency comparable to bone marrow MSCs (24) and have been reported to stimulate growth of tumor cells (22) . Our finding that adipose MSCs can be more effectively educated by +HOXA9 cells than -HOXA9 EOC cells to acquire CAF features could explain the greater propensity of +HOXA9 tumors to develop large implants on the omentum that is a major repository of visceral white adipose tissue. Normal cells expressing CAF markers have been detected in omental tissues of patients with EOC without overt omental metastasis (21) . Because TGF-β2 is a soluble factor, the propensity of +HOXA9 tumors for omental involvement might stem from fertilization of the omental "soil" by tumor-derived TGF-β2.
Although many homeobox genes are aberrantly expressed in tumors, their mechanisms in tumorigenesis are poorly understood and only a few bona fide transcriptional target genes have been identified (5-7). Some homeobox genes promote angiogenesis by inducing expression of angiogenic factors or chemotactic factors for endothelial progenitor cells (36, 37) . However, many of the homeobox genes studied to date alter tumor cell proliferation or survival in vitro (38) (39) (40) , implying that these genes modulate tumor growth via tumor cell-autonomous mechanisms. In contrast, our study demonstrates that the ability of HOXA9 to promote EOC growth is mediated by its transcriptional activation of TGFB2 in tumor cells and the paracrine effects of tumor-derived TGF-β2 on CAFs. However, CAFs might also be activated by other mechanisms, since not all EOCs express HOXA9. HOXA9 expression has been detected in EOCs at a range of levels in 2 independent studies (11, 41) and also widely varies among patients with EOC in the AOCS and TCGA cohorts. HOXA9 promoter methy-
